Introduction
============

Nutrition deprivation (ND) is a common feature of the microenvironment of tumor cells. Under the stress of ND, biosynthesis is suppressed, preserving energy to enable the survival of the cancer cells ([@b1-ol-0-0-11554]). AMP-activated protein kinase (AMPK) is a key energy sensor, which functions by regulating the intracellular metabolism for the maintenance of energy homeostasis, and serves an important role in the survival of cancer cells under ND ([@b2-ol-0-0-11554]). AMPK activation maintains energy by inhibiting biosynthesis via the suppression of mammalian target of rapamycin (mTOR) complex 1 ([@b3-ol-0-0-11554]). It has been reported that AMPK activation promotes cell survival by phosphorylating eukaryotic elongation factor 2 kinase (eEF2K) and blocking protein translation elongation under chronic ND conditions ([@b4-ol-0-0-11554],[@b5-ol-0-0-11554]).

Mitogen-activated protein kinase (ERK1/2) serves a key role in mediating cell growth and the G1/S transition during the cell cycle ([@b6-ol-0-0-11554],[@b7-ol-0-0-11554]). ERK1/2 signaling is closely associated with the induction of cyclin D1, which regulates the functions of cyclin D-dependent kinases (CDKs) and the phosphorylation of the retinoblastoma (Rb) protein. Rb phosphorylation disrupts its association with transcription factor E2F, allowing the coordinated transcription of genes required for DNA replication ([@b8-ol-0-0-11554],[@b9-ol-0-0-11554]). Furthermore, ERK1/2 drives the development of some types of cancer by activating CDKs and the mTOR pathway, leading to cell cycle progression and protein synthesis ([@b10-ol-0-0-11554],[@b11-ol-0-0-11554]). Conversely, overactivation of ERK1/2 may lead to proliferation arrest, apoptosis, autophagy and senescence ([@b12-ol-0-0-11554]). Therefore, it is conceivable that ERK1/2-induced G1/S transition, and the ensuing protein synthesis may be suppressed in order to support the survival of cancer cells under ND. However, the underlying mechanisms for ND-induced suppression of G1/S transition and protein synthesis remain unclear.

The results of the present study indicated the blocking effect of ND-induced AMPK activation on the interaction between eEF2K and dual-specificity mitogen-activated protein kinase kinase (MEK)1/2, leading to the disruption of the MEK1/2-ERK1/2-ribosomal protein S6 kinase α-1 (p90RSK)-eEF2K-MEK1/2 signaling loop, and thus to the deactivation of ERK1/2. The findings uncover a mechanism that uses AMPK activation to deactivate ERK1/2 by suppressing the interaction between eEF2K and MEK1/2, thus promoting the survival of cancer cells under ND conditions.

Materials and methods
=====================

### Materials

Cell lines MKN45 and MG-63 were purchased from the Shanghai Institute of Biochemistry and Cell Biology. Gibco RPMI-1640 and Dulbecco\'s modified Eagle\'s medium (DMEM)were from Thermo Fisher Scientific, Inc., and fetal bovine serum (FBS) was from Hangzhou Sijiqin Biological Engineering Materials Co., Ltd. Radioimmunoprecipitation assay and NP-40 lysis buffers, PD98059 \[2-(2-amino-3-methoxyphenyl)chromen-4-one, a specific inhibitor of MEK1/2 for downregulating ERK1/2 activity\], MTT, phenylmethylsulfonylfluoride (PMSF), and BeyoECL Star detection reagents were from Beyotime Institute of Biotechnology. Monoclonal antibodies against p-ERK1/2 Thr^202^/Tyr^204^ (cat. no. 4370S), p-eEF2K Ser^366^ (cat. no. 3691S), and AlexaFluor^®^ 555-(cat. no. 4413S) and 488-(cat. no. 4408S) conjugated antibodies were purchased from Cell Signaling Technology Inc., and polyclonal antibodies against ERK1/2 (cat. no. 16443-1-AP), MEK1/2 (cat. no. 20348-1-AP), eEF2K (cat. no. 13510-1-AP) and α-actin (cat. no. 23660-1-AP) were obtained from Wuhan Sanying Biotechnology. All primary antibodies were diluted in PBS at 1:500. Horseradish peroxidase-conjugated mouse anti-rabbit secondary antibodies (cat. no. D110059; 1:1,000 dilution) were purchased from Shanghai Sangon Biotech Co., Ltd.).

### Cell culture

Cells were cultured at 37°C in RPMI-1640, or DMEM supplemented with 10% FBS. Experiments were performed on 70--80% confluent cells. The cells were treated with acadesine (AICAR; Beyotime Institute of Biotechnology) or ND. ND was established by incubating cells in Hank\'s balanced salt solution (HBSS)-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (0.185 g/l CaCl~2~•2H~2~O, 0.2 g/l MgSO~4~•7H~2~O, 0.4 g/l KCl, 0.06 g/l KH~2~PO~4~, 0.35 g/l NaHCO~3~, 8 g/l NaCl, 0.09 g/l Na~2~HPO~4~•7H~2~O, 20 mM HEPES, pH 7.4) ([@b11-ol-0-0-11554]) containing neither glucose nor amino acids.

### Cell death assay

Cells were separated into 4 groups, CTRL (control), PD98059 (20 µg/ml, the inhibitor of MEK1/2), siCTRL (siRNA control), and sieEF2K (siRNA interference of eEF2K). All the groups were cultured under ND. In order to assess cell death, cells were diluted 1:10 in 0.4% Trypan blue (Sigma-Aldrich; Merck KGaA) and counted in a hemocytometer. The mean percentage of dead (Trypan blue-positive) cells was calculated from three independent samples of each cell suspension.

### Western blotting

Protein samples were collected by lysing cells with radioimmunoprecipitation buffer (Beyotime Institute of Biotechnology) following the various treatments. Protein concentrations were determined using the Bradford assay (Beyotime Institute of Biotechnology). Proteins (20--30 µg) were separated by SDS-PAGE (10% gels). The separated proteins were then transferred to a nitrocellulose membrane. Membranes were then blocked with 5% skimmed milk in PBS at room temperature for 50 min. Primary antibodies (as aforementioned) were used in a 1:500 dilution and secondary antibodies in 1:2,000. The protein bands on the membrane were visualized using BeyoECL Star detection reagents (Beyotime Institute of Biotechnology) and quantified with ImageJ v.1.48 (National Institutes of Health).

### RNA interference of eEF2K and ERK1/2

Short RNA sequences for RNA interference were designed and synthesized by Shanghai GenePharma Co., Ltd. MKN45 and MG-63 cells were placed in 96-well plates (for measurement of cell growth), 24-well plates (for cell death assay) or six-well plates (for western blotting or reverse transcription-quantitative polymerase chain reaction) with a density of 1.5×10^4^, 1×10^5^ or 4×10^5^ cells per well, respectively. The cells were then transfected with 25 nM control siRNA (5′-UUCUCCGAACGUGUCACGUTT-3′), a human eEF2K-targeting siRNA (5′-GCUGGCCAUGAUGGUGAUUTT-3′) or a human ERK1/2-targeting siRNA (5′-GCAAUGACCAUAUCUGCUATT-3′), using the siRNA transfection reagent (Santa Cruz Biotechnology, Inc.) according to the manufacturer\'s protocols. The transfection efficiency was evaluated by western blotting.

### Confocal fluorescence microscopy

Cells grown on glass coverslips were fixed with 4% formalin for 20 min at room temperature, permeabilized with 0.5% Triton X-100/PBS for 15 min and blocked with 5% bovine serum albumin (Beyotime Institute of Biotechnology) at room temperature for 1 h. The cells were incubated with primary antibodies(anti-MEK1/2 and anti-p-eEF2k Ser^366^) at room temperature for 2 h, washed and then incubated at room temperature with AlexaFluor-conjugated secondary antibodies for 1 h, prior to washing and mounting on glass slides. Finally, the cells were observed using a confocal fluorescence microscope (Olympus I xSLA; Olympus Corporation, Tokyo, Japan) and images were captured (magnification, ×200).

### Co-immunoprecipitation (co-IP) assay

The native protein was prepared in NP-40 lysis buffer or in PBS solution (100 mM PMSF). Antibodies against MEK1/2 (1:50 dilution) and ERK1/2 (1:50 dilution) were incubated with the total protein lysate with rotation at 4°C for 6 h. Protein A/G-agarose beads (cat. no. sc-2003; Santa Cruz Biotechnology, Inc.) were added and rotated for another 2 h at 4°C. The agarose beads were then washed 3 times with ice-cold PBS. Finally, the proteins were eluted from the agarose beads using SDS and analyzed against p-eEF2K Ser366 (1:500 dilution, cat. no. 3691S; Cell Signaling Technology, Inc.) by western blotting as aforementioned.

### Statistical analysis

Cell death data are expressed as the mean ± standard deviation and analyzed with one-way analysis of variance and Bonferroni\'s post-hoc test. Statistical calculations were performed using SPSS (v.16.0; SPSS Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### ERK1/2 activation promotes cell death induced by ND

The signaling pathways for ND-induced cell death remain unclear. It is known that the activation of ERK1/2 can either promote cell survival and proliferation or induce apoptotic cell death ([@b13-ol-0-0-11554]). To investigate the role of ERK1/2 in ND-induced cell death, its activation was inhibited by siRNA knockdown of ERK1/2 or the upstream signaling of ERK1/2 was inhibited by the MEK1/2 inhibitor PD98059 in the gastric cancer MKN45 cell line. The cell death assay revealed that MKN45 cell death significantly increased following ND treatment from 12 to 18%, at 4 and 8 h, respectively ([Fig. 1](#f1-ol-0-0-11554){ref-type="fig"}), while ERK1/2 siRNA or PD98059 significantly attenuated cell death comparing siRNA control or ND treatment only, respectively. This result indicates that downregulating ERK1/2 activity promotes the resistance of cells under ND.

### ERK1/2 activation is regulated by eEF2K through a feedback mechanism

It is known that eEF2K is a downstream mediator in the MEK-ERK-p90RSK-eEF2K signaling pathway ([@b14-ol-0-0-11554]). Notably, when the knockdown of eEF2K was performed, the phosphorylation of ERK1/2 was significantly reduced ([Fig. 2A](#f2-ol-0-0-11554){ref-type="fig"}). Furthermore, ND treatment led to an increase in ERK1/2 phosphorylation, which was then decreased following eEF2K knockdown ([Fig. 2B](#f2-ol-0-0-11554){ref-type="fig"}). These data indicate that ERK1/2 is regulated by eEF2K in a feedback manner. To support this conclusion, a possible interaction between eEF2K and ERK1/2, or its upstream factor MEK1/2, was investigated. The co-IP results indicated that p-eEF2K Ser366 interacted with MEK1/2, but not ERK1/2 ([Fig. 3A](#f3-ol-0-0-11554){ref-type="fig"}). Furthermore, the immunofluorescence results revealed that the colocalization of MEK1/2 and eEF2K was enhanced when cells were treated with ND for 3 h ([Fig. 3B](#f3-ol-0-0-11554){ref-type="fig"}). These data support the conclusion that eEF2K interacts with MEK1/2 to form a feedback loop regulating ERK1/2 activity. The ability of non-phosphorylated eEF2K to physically bind to MEK1/2 was not investigated, however, it is possible that EGF signaling enhances p-eEF2K Ser366 and its binding to MEK1/2 based on the above results.

### AMPK activation inhibits the interaction between eEF2K and MEK1/2

It is known that AMPK is activated under ND to promote cell survival ([@b15-ol-0-0-11554]). In order to investigate the effect of AMPK activation on the feedback regulation of eEF2K on MEK1/2-ERK1/2, the AMPK activator AICAR was used on ND-treated cells. The immunofluorescence data indicated that AICAR inhibited the interaction between eEF2K and MEK1/2 ([Fig. 4](#f4-ol-0-0-11554){ref-type="fig"}). This supported the conclusion that AMPK activation may inhibit the eEF2K-MEK1/2 interaction, leading to the deactivation of downstream ERK1/2, which inhibits cell death under ND.

Discussion
==========

AMPK is critical for cell survival under ND, as it inhibits protein elongation to conserve energy, via phosphorylating eEF2K. Although AMPK can physically interact with ERK1/2 ([@b16-ol-0-0-11554],[@b17-ol-0-0-11554]), the results of the present study indicated that AMPK can also inhibit the interaction between eEF2K and MEK1/2 in the MEK1/2-ERK1/2-p90RSK-eEF2K-MEK1/2 feedback loop. The present study reveals a previously unknown signaling pathway in AMPK-induced cell survival under the stress of ND.

ERK1/2 activity is another critical regulation point for cell survival under ND, as siRNA ERK1/2 blocks the cell cycle at the G~1~/S transition. However, ERK1/2 activity is mediated not only by exogenous positive signals, but also by endogenous negative signals, such as that of AMPK. The sensitivities of AMPK to energy stresses are diverse among cell lines. In certain cancer cell lines, such as HeLa and NIH 3T3 Ras ([@b15-ol-0-0-11554]), one hypothesis could be that the consistent AMPK activity under ND may be due to the immediate suspension of cell proliferation and the alternative pathways stimulated for ATP production. Therefore, the effect of anti-ND via mediating ERK1/2 activity depends on the cell line.

eEF2K serves a positive role in regulating the MEK1/2-ERK1/2 axis, as eEF2K siRNA led to a decrease in the MEK1/2-ERK1/2 activity in MKN45 cells in the present study. However, eEF2K activity can be regulated by a variety of upstream factors, including calcium, AMPK, protein kinase A and ND ([@b18-ol-0-0-11554]--[@b20-ol-0-0-11554]). Therefore, ND may cause diverse eEF2K responses in various cell lines or cell culture conditions. Activated AMPK may directly phosphorylate eEF2K (at Ser^491^ or Ser^492^) ([@b5-ol-0-0-11554],[@b21-ol-0-0-11554]) and negatively affect the phosphorylation of eEF2K at Ser^366^. The positive regulation loop of ERK1/2-p90RSK-eEF2K-MEK1/2 is critical for the continuous proliferation of cancer cells, even following the removal of growth factor stimulation.

The present study presents evidence that eEF2K physically interacts with MEK1/2 and forms a positive feedback loop consisting of MEK1/2-ERK1/2-p90RSK-eEF2K, and that the potential positive loop is mediated by activated AMPK. However, the way in which AMPK-modified eEF2K affects MEK1/2 activity is unclear. Any other signaling input, other than AMPK, that may modify eEF2K and affect its binding to MEK1/2 remains unknown. Furthermore, it is unclear whether MEK1/2 undergoes direct phosphorylation by eEF2K and whether the binding of both proteins is necessary for MEK1/2 activation by upstream stimuli. In order to provide answers to these questions and explain the relevant mechanisms of the regulation of MEK1/2, specific modifications of eEF2K should be identified, and the occurrence of the potential phosphorylation events must be examined.
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![Downregulation of the activity of MEK1/2 or ERK1/2 inhibitedND-induced cell death. MEK1/2 activity was inhibited by its inhibitor PD98059 and ERK1/2 activity was inhibited by siRNA knockdown of ERK1/2 in MKN45 cells. Cells were transiently transfected with 25 nM siCTRL or siERK1/2. (A) Western blot demonstrating the knockdown of ERK1/2 by siRNA. (B) Following transfection (24 h), cells were treated with ND with or without PD98059 (20 µg/ml) for 4 or 8 h, and cell death was analyzed (n=3). \*P\<0.05. ND, nutrition deprivation; MEK1/2, dual-specificity mitogen-activated protein kinase kinase 1/2; ERK1/2, mitogen-activated protein kinase; siCTRL, siRNA control; siERK1/2, ERK1/2 siRNA.](ol-20-01-0061-g00){#f1-ol-0-0-11554}

![Knockdown of eEF2K reduced the activity of ERK1/2. Cells were transiently transfected with 25 nM siCTRL or sieEF2K, cultured for 48 h, treated and analyzed by western blotting. (A) The effect of eEF2K knockdown on ERK1/2 activity in complete medium. Representative immunoblot (left) and quantification of the relative gray intensities of p-ERK1/2 T202/Y204 normalized to ERK1/2 (right). \*P\<0.05 vs. siCTRL. (B) The effect of ND treatment and eEF2K knockdown on ERK1/2 activity. The cells were treated under ND for 3 h and analyzed by western blotting. Representative immunoblot (left) and quantification of the relative gray intensities of p-ERK1/2 T202/T204 normalized to ERK1/2 (right). \*P\<0.05. vs. ND + siCTRL. eEF2K, eukaryotic elongation factor 2 kinase; ERK1/2, mitogen-activated protein kinase; P-ERK1/2, phosphorylated ERK1/2; siCTRL, siRNA control; sieEF2K, eEF2K siRNA; ND, nutrition deprivation.](ol-20-01-0061-g01){#f2-ol-0-0-11554}

![p-eEF2K Ser366 physically interacts with MEK1/2. (A) Co-IP assay of proteins MEK1/2 and p-eEF2K Ser366 in MKN45 cells. Representative co-IP immunoblot (upper) and quantification of the relative gray intensities (lower). IgG was used as a control. The relative gray intensities represent the ratios of p-eEF2K Ser366 between the co-IP of anti-MEK1/2/ERK1/2 or IgG and the co-IP of CK (control condition) were calculated and normalized to the IP in CK (n=3). \*P\<0.05 vs. IgG. NS, not significant. (B) Immunofluorescence confocal microscopy of eEF2K and MEK1/2 in MKN45 cells grown in complete medium or under nutrition deprivation for 3 h. The cells were incubated with anti-eEF2K or anti-MEK1/2 and with fluorescent secondary antibodies conjugated with AlexaFluor 555 (red) and 488 (green) for eEF2K and MEK1/2, respectively. Scale bar, 25 µm. eEF2K, eukaryotic elongation factor 2 kinase; MEK1/2, dual-specificity mitogen-activated protein kinase kinase 1/2; IP, immunoprecipitation; CK, cell lysate; IgG, immunoglobulin G.](ol-20-01-0061-g02){#f3-ol-0-0-11554}

![AICAR downregulates the physical interaction between eEF2K and MEK1/2. Immunofluorescence confocal microscopy of eEF2K and MEK1/2 in MKN45 cells treated under ND with and without AICAR (400 µM) for 3 h. The cells were incubated with primary antibodies against eEF2K or MEK1/2 and then with fluorescent secondary antibodies conjugated with AlexaFluor 555 (red) and 488 (green) for eEF2K and MEK1/2, respectively. Scale bar, 25 µm. AICAR, acadesine; eEF2K, eukaryotic elongation factor 2 kinase; MEK1/2, dual-specificity mitogen-activated protein kinase kinase 1/2; ND, nutrition deprivation.](ol-20-01-0061-g03){#f4-ol-0-0-11554}
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